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ABSTRlOiD 

1 theoretical analysis of explosive forming "based on 
the theory of hydrostatic bulging of a circular cliaphra-gm 
clampec’ at the periphery?- is inade» Dynamic effects due to 
the energy pulse generated by the underv;ater explosion of 
a charge and consequent strain-rate effects a:ce incorporated 
in the analysis. The ansvlysis is used, for predicting explo- 
sive charge weight to i^roduce a dome of given height of 
deformation. The theoretical predictions axe compared with 
experimental values. 

Limit strains are predicted for Aluminium- 1100 , 70-30 
Brass and stainless steel - 304 sheets of different thickne- 
sses taking into consideration the effect of initial sheet 
thickness, initial gra,in si-se an-"’ surface roughness. 
Theoretically predicted values of limit strains are conipa.red 
with experimentail results. 
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a radius oj" diaphragm 

A, B constants of Swift's stress-strain relationship 

constants of explosive 

d^ average grain diameter of imstretched sheet 

f^ thicloicss parameter at instability 

g gravitational constant 

h polar height of fomed dome 

k empirical constant in reltition R = kd^S + R 

0 0 

L , 1 initial and current length of element in roughness 
“ moael 

m strain>-rate index 

M constant defining a surface roughness peak 

n strain hardening index 


N 

P 

Pd 

Ph 

Pm 

Ro» P- 


number of grains in length, L 

pressure generated by explosive at time t 

dynamic effective pressure generated by explosive 

hydrostatic pressure required for hydrostatic 
bulging 

maximum value of pressure p 

initial and current surface rouglmess of 
sheet metal 
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R * 


stand-off distance 

distance of a point on diapurgra from charge 
time of deformation of blarLk 
initial thickness oi unceformec hlonk 
current thiclciess of deforming "blank 
average velocity of deformation of "blank 
specific Vi/eight of material of sheet 
weig"lnt ofe^ explosive charge 
principal stress-ratio 

radial distance of a point from centre of diaphragm 
constant for an explosive 
radius of curvature of formed dome 
^ hoop, radial, and thiclmess strains 
representative strain- 
representative insta"bility strain 
representative strain-rate 
representatives limit strain 



representative polar stress 


, .:r'2 » '■"’”3 stresses in hoop, radial and thiclmess direqtions 



SUBSCRIPTS 


unixorral3’' stressed region 
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groovea region 



GHiiPTER I 


INTRODUOTIOIT ililD LICEHiTURE SRR7EY 
1 . 1 INTRORUOTIOII 

Explosive forming is useful for formirg sheet materials 
specially for high strength materials such as Titanium and 
Stainless steel. One of the eai’liest a.pplications of 
e:cplosives to metalworking was that of Munroe (1888) who 
used explosives for engra,ving iron plates by imprinting a 
design on a block of explosive ["1 ^2 j[ • 

During Second ifs/orld i^ar extensive studies on unferwater 
explosions were made for defence purposes. The results of 
these studies have been compiled by Cole \^3~\ and Penny 
et al . [ 4 J • 

Systems emplo 3 red in explosive forming aar-e broadly 
classified into (a) confined or closed system and (b) uncon>- 
fined or open system. Olosed system is suitable for 
shaping of small components. In unconfined system, explosion 
takes place generallj^' in water medium such that only a 
part of the total energy is available for deformation process. 
Explosive forming is generally done by underwater stand^-off 
operation in which case the charge is located some distance 
away from the sheet. 



In order to estiriate exjplosive charge, in an under- 
v/ater stancVoff opera.tion, it is necessary to know the 
pressure, impulse one' energy which exist a,t a. distance 
from the energy source at a, given time, Rineha,rt and 
Pearson [5^ have presented the renuired information in 
the form of nomogra.phs. 

1.2 EPPEOT OP 71RI0TJS PROCESS PiUR-EiEISRS 

Various research workers £_6 *-142 have conducted 
explosive forming experiments to shov/ the ef fect<^process 
porameters. The mode of deformation of a clamped 
circular blank during free forming wa.s studied hy 
Hudson [^152’ Johnson et al. [102. 

Ez:ra [l6, 172 showed tha.t stand>-off distance has 
a marked effect on the sharps of freely formed pants. 
Johnson, Kormi and Travis j 12 ] investigated the effect 
of hydrostatic head in esplosive deep drawing of circulan 
blanks using plug-cusion technique. Johnson et al 
investigated the effect of shape of charge. The deform^- 
at ion obtained from a spherical charge was found to be 

slightly greater than that obtained by using a ring 

< 

charge. RadiadL and thickness strains f^ the case of 
free forming are studied by Travis, Johnson [S'] an.d 
Rekhi [18]. 
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For estimating the explosive charge Ifera ot al. 

[8, 19] developed a teclmique for relating the results of 
model testing for producing laxge components. 5he scali- 
ing lav/ So developed is useful as a first approximation 
in predicting tho chen?ge v/eight. A simple a-nalysis for 
predicting charge sise for small pants is given by ITohle 
and Oxley [20 ]. However, the accursicy of their predic tv- 
ion depends upon the selection of correct efficiency 
factor which varies from 0.4 to 1.0, [ISj 

1,3 MifSRIiili PROPlIKflES UlIPBR ndPUIiSI^TE LOiiPIHG 

Rinehart and Pearson [21] discussed the cheracter^ 
istics of impulsive loading, flic- loading in explosive 
forming process is an example of impulsive loa-ding. 

There is a pronouncedi effect of high pressures on 
mechanical properties specially under impulsive loading. 
Tho work of Rridgeman in this field is notable and a 
few of his results arc summarised in roferonces [22,23]], 

Many investigations [24.-30J have heen carried out 
to determine a relationship between stress an'"^- strain in 
a material which is loaded d3mamicall,y. These investiv- 
gaters have recognised that a difference exists between 
the performance of materials under static and dynamic 
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conditions of loading, illl the published da.ta [24^38] 
looh to the conclusion tha,t the yield strength and 
resistance to defomation increa,so with increase in 
strainv-rata. 

Severe,! techniq.ues arc used to evalu.a,to the effect 
of stra.in>-re.to on the properties of material. Methods 
generally used are a) high speed tensile impact testing 
[^43.- h) firing of high velocity , projectilcjs against 
targets [ 33 ~\ and c) explosive bulge testing In 

general, an increase in the rate of rjexormation increases 
a) yield strength of the ma,tGrial b) entire stress level 
of th; flov; curve and c) ultima,to strength of the 
iiia.t erial. 

Parker and Perguson [^34] performed a series of 
impact tests and showed that the dynamic yield strength 
is considerably greater than the static yield strength 
for various steels and alurainiujui alloys tested. Corapbell 
and Duby [ 3 ^ found that the compressive yield strength 
of mild steel increased upto 2.5 times the strccic value. 
Nadai«i»KlI..!anjoine [35 j and Johnson ot al. |.36] reported 
that the effects of high speed on the deformation of 
aluminium and its alloys are similar to those on steels. 

A limited number of tensile tests carried out [ 25 ] on 
60»-40 and 70»-30 brass at ambient temperature showed that 
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the yield, point increased, to 1.45 times the ste^tic value. 
The increase in strength is even more pronounced v/hen 
d^mamic testing is carried out at elevated temperatures. 
1^5 ]*, Sturgess and Bramley [^373 used impact forming 
devices to find dynamic stress>-strain rcl-ationship for 
mild steal. They estahlished the double pov/er constitu>- 
tive S ^ where the strain- rate 

index m = 0.17 for mild steel. 

1.4 INSTABIIITY Hi BIAXIAL TUTSIOH 

Instability of circular metalic diaphragm clamped at 
periphery and deformed b3r hydrostatic pressure is consi- 
dered by Johnson and Mellor. [ 39 ] Marcinia,k and Kuesynski 
[40] assumed that at condition of instehility an initial 
inhomogeneity, expressed by local thickness ro,tio, in the 
sheet material develops into a groove. They proposedi 
a theory to work out a value of limit strain at which 
necking in the ?rorlcpiece is initiated. Many experiirental 
studies have been carried out to determine the forming 
limit diagrams for sheet materials [41-43] . 

Miyano [ 44 ] experimentally studied the effect of 
initial thickness of sheet material on limit strain for 
annealed Aluminium. He found that the fracture strains 
decreased with decrease in thickness of the specimen. 
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Minh et al. [45] shoy/od that the forming limit increases 
with increase in hlan-k thickness since the effect of an 
initial inhomogeneity or void of a given size assumes 
lesser significance as the sheet thickness increases. 

Kienzle [4^], Osakada and Oyane [47] c,nd Fukuda 
et al. [48] ha,ve investigated thr; effect of surface rough*- 
ness on limit strain. Yazaaguchi anc' Mellor [49] present- 
ed a theoretical analysis to work out instability strain 
in isotropic sheet materials unfior biaxial tension taking 
into consideration the effect of initial sheet thiclaiess, 
grain diameter an'" surface rou^ness. Parma,r and Mellor 
[ 50 ] applied Marciniak-Kuezynski anal 3 zsis at instability 
condition to find out limit strains in sheet materials for 
biaxial tension, 

1.5 PRESSTf WORK 

In the present work hydrostatic bulging theory for 
a circular raetalic diaphragm is modified for the case of 
explosive forming. 

Ihe basic problem i.n explosive forming is the 
estimation of explosive charge vzeight corresponding to a 
suitable stand-off distance to produce required shape 
consistent with the soundness of the product, Kov<;ever, 
a number of variables involved in the process such as 
dimensions of the blank, properties of the blank material, 
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shape of tlivo coraponont, type of explosive, sc3,nd>-off 
cista^nce and strain>-rate need to ^oe consideren to 
predict charge v/eight, llio present analysis takes into 
considerations the effect of e-ll the above mentioned 


vs-riahlos for estimating weight of eeqelosivo cnarge 
reciuired for a given doforms-tion. 

The p?cescnt analysis also includes the effect of 
initial sheet thicliiess, initial grain si?:© and surface 
roughness for predicting limit strains for aluminium>-1100 , 
70-30 brass and. stainless steel-304. 
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THEOREIIC.ID jUIilLYSIS I'OR ESIELA-IION OP EXPLOSIVE OrLmGE 

YfEIGHI 

2 . 1 IHTRODUGIIOI'T 

IliG nature of prossu^re pulsci gonoratod Ly t’nc under>- 
wator detonation of an explosive cl'-iirgo is used to ostimat 
average pressure Hydrostatic pressure p^, required 

:^or a given licigbt of deformation of dome, is obtained 13 / 
aPPlyi^ig Johnson’s [39] analysis for hydrostatic bulging. 
The hydrostatic bulging theor 3 / is modified hj considering 
the effects of stand-off and strain-rate for the case of 
explosive forming. Pinallj'-, the weight of explosive 
charge required for a given height of deformation of dome 
is estimated by using the modified IvT-drostatic bulging 
theory. 

2 ,2 EXPLOSIVE PRESS UPdS PTILSE 

V/han an explosive charge is detone^tod in wa.te3?, a 
high intensity spherically^ expanding pressure pulse is 
initis^tod at the point of change. The pressure reduces 
due to divergent nature of the wa.vo front and energy 
losses in the medium. At any given distance from the 
centre of the- charge, the- idealised pulse has a. pressure — 
time history as shoyrn in Pig. 1. The pressure p at any 
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time t altar the coton-'.tion is given by [51 ] 


P 



CD 


v\7li3rG 9 is tlic time constant wi-icli rcpros.:.nts tho time 
for the pressure to fall to a value l/o times that of 
its peak value Pj^-(g = 2.73) Rinehart [5] has given the 
following empirical relation to ohto.in the value of timo 
constant 0, 


9 = 



( 2 ) 


Y/hore explosive charge Y/ei^t W is in pounds and 9 is in 
micro Sviconcls, 


The distribution of masLium pressure along a piano, 
when a small spherical explosive charge is detonated at 
a stand-off distance (Pig. 2) is given 'by, [ 5 I] 


= 2 ., [ 4 /' (5) 

The variations of peak pressure p^^^ along the 
radius of a diaphragm, for different cordtex explosive 
charges and for stand-off distances 03 ? 150 mm ^ind 300 mm, 
are shoYm in Pig. 3. Por the case of Cordtex explosive 
the constants and arc taken to be 22500 and 1.13 
respectively from reference [51]* It is seen from 



2 




ZO 


15: 


r:> 






CHARGE : 
VV‘EfGHT 
(gm) 




■■"'^>-^'5 7.35 


"1 


'•■a- 




TV" 


4_77 



RADIAL DISTANCE FROM CENTRE(mnn) 


G.3 DISTRIBUTION OF MAXIMUM PRESSURE 
ALONG THE RADIUS OF THE DIAPHRAGM 
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Pig. 3 that the docroaSG of in.aximura pressur:; along the 
rac' ius of the diaphrara becomes smallc.-r as stand>-off 
ch'-3 tanc is increased. This reduction in pressure is 
12 percent for 150 miu stand-off and 5-.8 percent for 
300 nra stand-off. Hence this saoHl vaniation can be 
ignored in the analysis for obtaining: avorago pressure. 


The ?,vora,ge pressure is obt:xined by considering 
the area under p^ -v-orsus t curve (Pig.1) 


U /q 

Area under the curve = /' ^ni ^ 

o 

The integration should, theoretically, be carried 
out over an infinite interval of time. However, in 
prarticG, this is not ro 3 .sona.blo since the tail of the 
curvOjbGing sustained at low level for a long timCj will 
undulj^ reduce tlio a.vorago pressure Pg_. A reasonable 
estimate is obtained if the integration is carried out 
over a finite interval of time. Por explosives, the 
integration time is taken to bo t = cG whore c is a 
constant depending upon the t37pe ox explosive. Thus, 
average pressure Pg^ is given by, 


P 


a 


P 


m 


t/9 


1 

C0 


t=C0 

/ 

t=0 


dt 


( 5 ) 
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2,3 I-IYDR0STA2IC 3ULGIITG OP i OIRCUIi.iR PliPHRAO^ 

If a circular shoot of metal is clamped, at its 
pox'iphery and subjected to hyd.rosta.tic pressure on one 
side, the shape of the dGiomisd dome is approecimatoly 
spherical specially in the region near the pole for the 
case of explosive forming 1_18^. 

‘The .case of stra,ining of sheet raeral uii'"'’ er equal 
biaxia,! tension [39'] is used in the present analysis 
and the same is briefly outlined below. The stress in 
thickness direction ^ is either zcar-o or negligible 
in comparison with other two stresses, Gen Gr.a,lly .elastic 
stra.ins are neglected and Levy-MiSGS equations c.re 
assumed to apply. It is also assumed, thank principal 
8-XGS do not rotate rolativ to the element being stra>- 
ined. Thus, for equal biaxia.1 tension case o' ^ ~ ^^2 
and.. " 0 , 

For bioecial tonsionsLcvy.-Misos oquaitions for 
principal directions are given by [ 39 ] 



For equal biaxial tension, stress .-rank io 3F=1 end 
equation (6) ma,y bo written a.s 
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n 



Using tho theory of hydrostatic "bulging [ 32 ] , tho 
radius of curvatur.:, at tho idoIc is given by tho rolat»- 
ionship (soe fig. 4) 


h(2 f »-h) = or f - (h^+ a^') /2h (8) 

Tho gonoralisoi^ stra,in S is e3tpj;'ossGc'' in terras of 
height of dcforraoition as 

¥ = 63 = In (T^ /T) = 2£^ = 23 n( 1+h^/a^) (9) 


Reprosontativa polar stress 



is given by 


r Nn 


= A ( B -f- 8 ) 


(10) 


Hydrostatic pressure py, required for a given height 


of deformation is obtained as 


[ 39 ] 


Ph 


2 F'p 

j. 


T 


( 11 ) 


2,4 .APPLIOATIOII 0 ? HIBROSTATIC BULGIITG THBORT TO 

EXPLOSIVE EORimiG 

Tho theory of hydrostatic bulging is modified to 
find out the c3q)losive pressure and corresponding exp- 
losive charge required for a given height of deformation. 
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2,4.1 S ^.foot of Staiad-off 

In tlo case of liydrostatic "bulging the pressure 
acts ra,dially on the surxacc of the diaptragn. Since 
the oxplosivG charge is not placed at the centre of 
curvature of the deforming dome, the shock wave is not 
acting normal to the surface of the sheet "but it is 
incident at an angle to normal to the sheet as shov/n in 
Fig, 4. 


To evaluate the effect of angle of incidence of 
wave ! consider aii elemental width dr at a radius r on 
the deforming dome (Fig. 4) * I'Tormal force on ■elemental 
ring cosy' dr whore angle y* is given hy 

the geometry of tbe system as 

y = -|-)r=k^r 

Thus, total normal force Fj^ on the circular "blank is 
given by 

r=a 

Fjt = / 2-rcr Pg^ oosXi/ dr 

r=o 


Tx a 




sin 


V 


k^a 


1.-COS 


k^a 


k-i a 


£». I 

k -1 a 






(12) 


or Fi 


IT 


Tc a 


(Pa « 


(13) 




FK3 4 EFFECT OF STAND-OFF ON 

fNOlDENCE OF PRESSURE WAVE 
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v/V'.ere F is a factor wMcl: takes into account tke effect 

of tl),e position of ctarge on pressure exerted on tbe 
sieet sucli tl.at the (f'ynaiiiic effective pressure p^ generat- 
ed by the explosive is Ycritten as 

Pa = I Pa (U) 

The dynainic effective pressure Pj 2 _ is a.ssuu'x'’ to act 
radially on the blank. 

? . 4 . 2 stra i n- Rate Ef fee t 

In explosive forming processes, duration of the 
pressure wave is estimated to be considerably shorter 
than the time of deformation of the dome e^s shovm beloY/, 

A t.ypical value of duration of pressure wave using 
equotion (2) for 3.18 gms. of Oordtex explosive (c = 6.7) 
[^513 is 90 microseconds. Whereas jthe time of deformat- 

ion to produce a dome of 38 mm height for Aluminium- 1100 
using 3.18 gms of Oordtex at 150 mjn stand-off is estimat- 
ed to be 720 microseconds as explained latter. Hence, 
the effect of the pressure generated by the shock wave 
due to detono-tion of explosive is essentially that of 
an impulse on all elements of the worl?piec?e. 

Rinehart [5} found that the dyuamic 3 rielding 
occurs at higher pressures than the pressure required 
for static yielding. Hence, dynamic pressure can be 
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related Y;ith hydrostatic pressure by, 


Pd = K Ph (''5) 

Hov/erer, dynamic stress is given, by Sturgiess and 
Br,amle 3 ;- [37] as, 


cr- 


dynamic 



o 


sta,tic 



(16) 


Hence, considering equations (11), (15) and (16), 


0 — ^ 

d.vnamic 

_ ^^d 

static 

Ph 


(17) 


The fan tor K takes into account the strain>-rate effects. 
The strain^rate is obtaineci by dividing tbe generalised 
strain a,t the pole b^/' the time of deformation of the ' 
dome t^. For the c.ase of equcH biaxial tension, the 
generalised strain S is numerically equei to the 
t hie tales s strain S^. Thus, 



The time of deformation of blank t^ is found by 
considering the average velocitj,^ of deformation of 
blank and maximum height of de.formation. The aver- 
age velocity of deformation is found by assuming linear 
variation of velocity from initial vslocit 3 r imparted 



to tile bl.’uik to fina.1 velocity whicli is "^ero. 

2 . 4.3 In_itial yol ocity Im ,jartj d t o. the Blank 

I'he iiiitia,! veloc it,v irnpartec! to the bloni: is 


obtained by eq_uating the kinetic 
explosive impulse to the plastic 


energy delivere'Ci by the 
work cone in defoririing 


the dome. 


GonvSider an infinitely narrov/ annulus of sheet of 
v/idth dr of diaphragni as shown in fig. 4. The volume o 
the annulus dY is given by 


dY = 2-n; r dr Tq (19) 

The work done bpf on this infiniteljr nenrow annulus of 
voluDie dY is given by 

6w = / o^- d 8 dY (20) 

where dS denotes the increament in representative 
strain of the element. 

The following representa,tive stress*- representative 
strain relationship given by Swift for strain hardening 
material is used. 

a- = A ( B 4* 8 ) ’^ 

Hence, the increamental work is given by, 
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Integrating OQuation (21) ::or tbe entire iDlanlc 
toteO. please ic work \? required for deforming ' 
is given by 


, ti-i3 
the bla,nk 


VJ = 


f 


= a 

2 TcrA 
o 


IP 

(n+1) 


( 22 ) 


Por tbo case of equal bioccial tension, tVie repreoentv- 
ative strain 3 is given by 


O 



(2 5) 


To facilitate ca.lculations of tbe pl£vstic work 
r1one in deforming the blank, the vari.etion of 3 ^ with 
initial radia,l position is given as, jjO"] 




(24) 


Por raost purposes c is taken as unity j^lO*] and hence 
equ.ation ( 24 ) is v/ritten as 




(25) 


Substituting for 3^ into enjaation (23), the representat- 
ive strain S is gix’-en by 

r =2S^=2 8^(1-f) (26) 


Thus, the plastic work done is given by 
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StiATq 

(fiH-l) 


/ 

O 


‘b 


+ 


/2 = 


in 


aiKT 

a. 



dr 


(27) 


After integj-'-ation, equation (27) is v^ribten as 


w = 


(m-1) 


,( 1^) (^) 

'm (n+2) 


. T 
(n+3) 




r=o 


r=a 


where T = 


B ^ S|ffl (a-r) ] 


( 28 ) 


Siraplyfying the equation (28) , v;e get 


A j" (3 ^ 

(n+1) (ih- 2) (rM-3) ! 2 " 


(29) 


It is assumed that the kinetio encrg 3 ^ E acquired hy 
tbe hlank is due to the impulse delivered hy a, single 
shock Y/3,ve and this is entirely dissipated a,s the plastic 
v/ork. Hence, the initial speed of the blank is found by 
equo-ting the kinetic energy to the plastic vrark. Hence, 


? t ^0 1 ^0 


Tia^ T^A (a-2S^)’^+5 

2(n+1)(n+2)(n^3) 


(30) 


The initial speed of the blank is obtained from 
equation (30) as, 
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^ A (B + 2 


m 


) 


n+-3 


1/2 


(31) 


] ( w/ g) ( n+ 1 ) ( ■njr2) ( 11+ 3) & 


m 


? .4.4 Bs t iiii a t i on of . Ex p l os i v e Gh ar^e . 7ei,s:lit 

Equa/cion (15) fsives a relation betvieen ciynarnic 
affective pressure anc'^ Ayr'- ro static pressure. Substitut'- 
ing from equations (3), (5), (O) , (9), (10), (H), (12), 
(14), (17)5(18) anl (31) in equation (15), v/o got 


( 1 "-c o s Icj a) j 



/e2ln(1+ •^) ^ j~2iix(1+ ^) ] 



2lV 5 


I A[B +2 ra(1+ )] ^ 


h ; ? 


I (w/ g) (n+1) (n+2) (n+3) ri'’i( 1+ ^ I I 

(32) 


Eor a given height of deformation equation (32) car he 
Golver'' to give the i?eight of explosive charge required ■'■7. 



OH.y?!rjiR III 


inST.iBIIIIT lil EXPL0SIV3 P0RI4I1T& 

3.1 GIS’ERii 

Instabilitjr in a stretcli forming process occures 
v/hen the stresses anc strains reach such a. critical vjxlue 
that equilibrium cannot be establisheo between external 
forces 011 ? internal resistar.ce of:"erec by t-'s- raatarial 
i.e. when strain increament occurs without simultaneous 
increase in stre-ss. it is observec’ that tuning stretch 
forming of elastic-plastic materials, fracture of the 
slvcet metal toes not occur abruptly but is preceetet by 
the loss of stability of the sheet materia,!. -is a 

result, the stre.in concentration in certain regions of 
the formed dome takes pln.ce depending upon the possibility 
of occurence of a local discontinuity or iiiitia,! inbonio- 
geneity in the raaterial. Ihe remaining regions outside 
the local thinning e;one undergo unloading and the plastic 
strains in these regions start decres.sing. 'Jith furtlrer 
reduction in thicloiess of sheet, the discontinuity in 
the m.aterial takes the shape of a groove. With further 
increase in loading, the groove proceeds in a direction 
perpendicular to the direction of lexger principal stress, 
Ihs process of local groove forma-tion v/ith reduction in 
thickness of sheet is known as necking which results in 
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a loos o:^ cohesion leading to fracture of sleet-material. 
Ljjn.it strains are the strains securing outside the 
locol necking region at the time of initialion of local 
necking. In a niet.al forming process, the limit str.ain 
is kiiovmi to depend upon r493 

(a) mechaaiical properties of the deformed material 
( b) mo d e of 1 o ad in g 

(c) loadirg history of the process 

(d) initial thie'eness and initial gr-ain diameter 
of the sheet-malerial [jl-9 1 

( e) initial surface roughness of the sheet material 
and its variation with plastic der^'ormations 

Limit streln values ai-e predicted .‘"or the case of 
explosive forming. Some of the above factors are con- 
sidered, in following sections. 

3,2 Y<lRIl'IIOh OF SURFAOS ROUGHNESS PLASIIG LEPORI^ATIOIT 

It was found by Kienzls |_46^ tliol the surf tic e 
roughness of sheet material increases when sheet material 
is stretched pla.stically. Osalcada and 0\eane [473 
Pulcuda et al. [483 found that the roughness of a free 
surfa.ee of the material increased approximately in 
proportion to the magnitude of the generalised strain 
and the grain diameter. Fukuda et al. [483 expressed 
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the va''i-.ition of roughnese c'' free surface: as, 


R 


+ 


( 33 ) 


':.'here R is the 3urf.?,ce rougtness at 
■strain 2 , R^ is the initial surfac 
is the initi.3,1 ave?r8,go grain ciiainete 
rical coL:;St.ri,nt Y>uiicl: is (?3penoent on. 
lattice structure of the material. 
l_47j founr’’ that the rate of increas 


a general 1362 
e jcougl.ness eaici 
r. h is 8 J 1 empi- 
the crystal 
Osaloef a Oyan e 
e in roughness is 


least for m.?,terials vvith bociy centred cubic sti’uctures 
( Y, la, a V- cr, Mo, cc h- Tj etc.) sund greatest for 


mater i.als with hexagonal closed packed structures 
(in, cd, r - etc.) with variation of roughness for 
fac-e centred cubic materials (Ou, Al, Pt, 

etc.) f al ling in b e t^v e en . 


3.3 MOPSL POR OIimiClERISATION OF S"JRF.iOi; ROUGiWESS 


Pai’iuar and Mellor [50} characteri'i^sa the surface 
3?ouglT3:i,es3 by right pyramids as shovm in Pi.g. 5. The 
stretched roc tarn gular element of the flat sheet has 
sides and P .2 an^ is subjected to tensile forces 

P-] and P 2 as shown. Tlie base of the p^gc.amid. ha.s sides 
('M-j/i'T-]) and (M 2 /M 2 ) ^^2 ''^^t.ere and iF 2 

number of grains in length and L 2 respectively and 




FIG.5 ASSUMED MODEL FOR CHARACTERISA- 
TION OF SURFACE ROUGHNESS 
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M -| andM -2 arc- constarts v/hicl:; are introc^ucoc! to make 
some allowance for the possibility thc/fc a. surf ore 
ro ugliness pcajc is not mox'e up simpler from a single 
grain. They further assoriicc! tha.t the load is caeoried 1 d 3;- 
the minhiium thickness of the sheet T. As plastic 
deformation takes place, the surfare roughness increa.ses 
anc* it is assumed tl:a.t the pyramidal shape of the sur>- 
face asperities persists. 


The model therefore descreihes a system ItI ere 
m-aterial leaves the load carrying volume of the metal, 
as plastic deformation proc-'-sds, therGhyjincr3a,sing the 
volume constituting the surfare asperities which aiee 
assumed not to carry anj'" of the load. 'Tlius, although 
the total volume of the material within the element can 
ho assumed constant for large plastic strains, the 
volume of the load ca,rrying material continually decre- 
ases v/ith increasing sti’ain. 


3.4 SSTIMiTION 01 BTSTiBIlITY STRAIH Ih 

TMSIOIT [49l 

For biaxial tension <T '2 — ^ and CT'j = 0, 

where x is the stress>-rn,tio. Thus, Levy-iaises equat- 
ions for the principal directions arc written in the 


form 
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dS ^ 
5 ►"T 


do 2 

2 x >-1 


dS^ 

T+T 


( 34 ) 


Tho gGiioral eq_uation D!or rtpresciitativo stress a~ 

'iiici rGprosciitatiTa stra.in iiicrGOirient do are given by 


= '/ [("-1- + ( <.-2 - T,) % ( «- - C-:,) "^1 /2 ( 35 ) 


2 ; 


2[(d£^ V- dSg)^ + (d82-dS3)"'+ (68^ - dS-j)"] /S (36) 

Per the case of proportionate bioecia,! straining ^equat- 
ions ( 35 ) ■one' (36) reduce to 


... ^ 


(1 


do 


dS 


1 


, 2 . 1/2 

X 4 - r ) ■ 


(1-x + 


(2-x) 

FroDi equation (6) the current sheet tbiclness for a 
given strain is obtained as 


( 37 ) 

( 38 ) 


T 


exp ( 


JL+. X 

2(1 


“■57172 ) 

X + X ) ' 


( 39 ) 


ihe tbicloiess given by equation ( 39 ) does not, however, 
include the effect of sur-face asp eri dies. 


Yamaguchi and Mellor [49'] worked out th.- effect 
of surface asperities, initial thiclcness and initial 

grain diameter on the instability strain, lliey su.gg- 

ested tho follov/ing inste.bility strain fox an 



isotropic matcriciL obeying 


hart^ oning, 


tlio n>-po\ver law of work- 


4n(1-x + 7?) 




4 - 3 : 


3x + 43 




Vi 


n 


( 40 ) 


Tlie thickness para'.'.eter f^^ 


is given by, 




P(k 




oxp ( 


.1.+. X 

2(Vx+x^) 



(41) 


whor j , 

Cq initial grain biamotor 
Rq initial sarfacs I’oughness 
X principal stress ratio (<r '2 / cr^) 


P A Gocfficiont depending upon the state of 
contact wibh tooling. If both sieves of the sheet are 
stretching freely (i.c. not in contact with ojiy tooling) 
then the v luo of p = 2. 

It is seev from equation (40) that the value of so 
obtained instability strain oepends upon the grain size, 


thickness of sboet, rate of increase in surfanr. rough- 
ness with plastic strain and the state of contact with 
tooling. ?hon the effect of surface roughness is not 
considered, the thickness pararaeter fi in equation (40) 
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■bocom;;3 unity anc" aquation (40) reduces to the Sv/ift's 
instability stra,in cquo.tion f^or a, siivet halving no 
local woolmoss, so that 


^ Swift 


4n(1-x+ 

4'-3x >- 5x^ + 4x^ 


(42) 


3.5 APPLISATIOh OP MlJlCnil'lEC-irjaiTPSfl Al'TillYSIS AT 

Instability 

J/Ien-ciniak and Kuc^ynski [40 J assumed that an 
initial inbomogcncity in the- sheet ni?iterial dewolopes 
into a groove. As deformation proceeds, th.o groove 
deepens and eventually, wlion plc,in stiniin condition 


(dosj 0) is, ap!_;roaclied in th:. region of tin: groove, 
deformation outsido the groove CGa.sGS, The represent- 
ativo surface strain outside the groove at this time is 
termed o.s tli.; limiting strain S . 


Parniar and Mollcr [^50] postulated that at instabi- 
lity a continuous groove, perpondiculfu' to the major 
principal stress, begins to develop tiirou,gVi the- tieoughs 
O’-'' the surf'-acc and further straining is cone entratod in 
this groove. They applied the Marc iniak-Kuc^ynski 
an<alysis to find out roprssontativo liiTiit strain using 
thickness parameter at instabilitj!" f^ as obtained from 
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ccj_u:i.';iO'.''' (41) . ITioy assumed th-'t clio work liardonod 
s taros eo ul'i. iiisido cOid outside tli; incipient grooTO 
rh,, stress state existing in tli" material upto insta- 
Teility [__50] . This means tha.t at instability tb.o 
raa toj’ied in tli.^ incipient groove is slightly more work 
b.ardenod tlian tho material outside. Thoje [pO] assumed 
th.at the surface rou^l’ness continues to grow after 
insteibil ity. 


Between instability and tho formeition of a, 
loco.lised T'oek, which indicates the limit j-ng condition, 
Parmer oeid luollor [^51] cassuine'd the deformffeion to be 
b ^sed on Marciniak o-no. Kuczjmslci j^40'] c.nalysis, How>- 


Gv:::ir, they made two modieic tions y/hon appl 3 ^'ing the 
ano,l 5 ^sio. Pii-stl^/-, the d ofoimation wo.s a^ssumed to 
st.aj-'’t from tt.-; instabilitj^ C'lidition y/hen tin-- states of 
work liarc niing inside .and outside th- incipient groove 
arvO clifforent. Ihoy a,lso assumed that’ tho s ;ross>-ratio 
upto instrdoilit’'' rcmaris constant and the s dross-ratio 


in tb.; iecipi'Vnt neck is the same- as that outside the 
neck, iho siate of work hardening inside said outside 
the neck rip..nds only on the generalised strain eerist- 
ing in these regions at instability. Th':.y assumed 
that current thickness of the sheet dponds upon tie 
surface roughness. The process of groove forme.tion is 


L on 
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expressed analytically “by the follov/iny simultaneous 
oifferential oquadcions, [502 


de 


do 


1B 


B 




1 



1 1/2 

{ 

‘^^B j 




fl 

4 , . , .:27T/2 ^ 


^ 1 _ X 2 x >- J ), 

( 1 -X + x ”^) 


dS 


B 


J 4.(1-x +x ) 

1 (2x-1)2 


‘B 


(43) 


(2x-1) 


il ]] /T 


.. 2 t 1/2 


% 


'Ai ^ A \ ■> "A/'Aiy q 

. / vrn /rp /. 

■bi-^Sb "s-Bi:; 


(44) 


where , 


®Ai gon.sra.li'^ed strain in region 1 at insoability 


■'^Bi 


gonorali'zed strain in region B a,t instability 



thickness ratio at 

A 

generalised 

strain 


ins tab il ity 

point 

^B 

generalised 

strain 

instability 

point 


ins t ah il ity ( Tg j_/ B ,5 j_) 
in region A rolatiwo to 

in region B rolatiTG to ■ 


Bho ratios B_^/B^j_ and / B^^ required arc obtained 
from the following equations, [ 50(1 
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T 


T - 

Ai 


and. 


T 


A 


J -I ^ ^ 


5 


[!■ 


2 

3 


T !r° - 

o -^o ' 


] 


(T. ./ T ) 
Ai' o ‘ 


» 


:k 


d 

_c 

T. 




k±' 




<, 1 + ^“ 

L 


r 

d - 

■D n 

11 



-. 2 , c , 

To ^Bi + 

0 

t'" 

0 

j 


•( 1+x) 


exp ! 


2( Ux+]?Y^'^^ ^ 


R 


(45) 




.> exp 


1B 


‘^n - R 

V -£. (c- 4. 5 " 4, aS. 

^'"B ^Br ^ -T 


T 


0 


(2x-1) 

2{vx;?)W 

(46) 


(Tbi / > 


The simultaneous differential equations (43) and 
( 44 ) can he solved numerically \y ith the aid of a computer. 
Th'^ numoirical solution enables the determination of 
function 


f, / S"-n and hence the strain B a„t the ].imit> 
A B A 


in 


g condition as dS , /d£ 


B 


0. The limit strain 6 


is, now, the sum of the strain that exists iiioto ins tab i> 
lity 6j_ and the strain 6^ that exists betweon iiistaht- 
lity and limiting condition. Thus, limiting strain is 
given by 
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3XP3RITI3''"T.IL I!T73STI CtaTI 05 
4-.1 IRTRORIICTIOy 

RekVii Q 522 carriof-' out unclerwateic explosive forming 
tests on 70 - 30 Brass, Aluminium - 1100 £,;ns Stainless 
Steel >- 304 slieets of various thiclaiess using Corotex 
escplosivo ctarge anf^ No. 6 electric ICI detonators. 
Experimental results of Rekhi regarding profile of formed 
dome, thiclmess strains and radial strains are used to 
verify tlse theoretical analysis. 

Tensile tests are carried out on IrSTROiT testing 
raacliine to ohtain stress*- strain relationship. T.Iicro^ 
structures sho?/ing grain houndaries were p’notograplied 
for di'i'ferent sheet ma,terials used in experimental vrork 
of reference to find out average grain diameter d^ . 

Average surface roughness at various points on different 
formed domes was measured using prof ilometer . 

4.2 TERSILS TESTS POIl OBT.ill'TE’G- STRESS- STRAIIT RSLATIOISBIP 

Test specimens are prepared according to ISI standv- 
ards fx'om the sheets of 70 >- 50 Brass, Aluiniiaium - 1100 
and Stainless Steel - 304 used in e^cplosive forraing 

Unia:cial tensile tests till fracture are 


experiments. 



CHi^JPTISR lY 


3Tp-iJRDI3''^m BTVESTI CrATIOE 

4.1 INTRORTJGTIOlf 

Rekhi carriao oat underv/ater explosive forming 

tests on 70 - 30 Brass, Aluminium >- 1100 said Stainless 
Steel >- 304 sheets, of various thicloaess using Cordtex 
explosive charge and ilo . 6 electric IGI detonators. 
Experimental results of Rekhi regarding profile of formed 
dome, thicloiess strains and radial strains are used to 
verify tlie theoretical analysis, 

Tensile tests are carried out on B^STROH testing 
machine to obtain stress>-s train relationship. I.Iicro'- 

structures shov/ing gi'ain boundaries were photogr-aphed 

# 

for di:'ferent sheet materials used in experimental work 
of reference 'to find out average grain diameter d^. 

average surface rou^ness at various points on different 
formed domes was measured using prof ilometer , 

4.2 TENSILE TESTS EOR OBT,.lIlTnf G STRESS-STRAIN RELATIONSHIP 

Test specimens are prepared according to ISI stand- 
ards from the sheets of JO >- 30 Brass, Aluminium - 1100, 
and Stainless Steel - 304 used, in explosive forming 
experiments^ Uniaxial tensile tests till fracture are 


carriec out an IrTSTROlT m8,ciiine. 
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Orossteacl speeds 
in L'lio 3-ange of 0.01 cra/min. to 0,05 cm/min. aa^e usee! 

:'or different tests. Load versus extension cue'ves aj^e 
obtainei by a recording system of the machine. Stress 
and strain values a,t different stages of tests 8.re compu- 
ted from the load elongation curves. Stress values are 
plotted against corresponding n .neural 3tra,in as shovni in 
Pigs. 7, B and 9. Experimental stress>-s train relationships 
i'or v-'U'ioLis materic,l3 and their specific weights are shown 
in Table 1 , 

TABLE - 1 


SI. To. Material 


Stress-Strain Relationship 
^ ( kg/mm^) 


A(Bf S) 


Dpec J.1 ; 

Weight 


( kg/mm.^10' 


-6 


1 . 

Aiuminiura-1 100 

14.5(0.22 + £ 

2.70 

2* 

70 - 30 ]3rass 

64.2 (0.14 + B 

8.45 

3. 

Stainless Steel 

156.5(0.038 + 8 

7.84 


- 304 




1.1 T 





'62178 








STRESS (ir) Kg/mm 
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4.5 FUOi 


iOoOOPIG 


aSL'lIuIHATION or SFTX'j? MADSRI.-iiS 


Microi'-prapliic tests ax'' caxriet out to mea,sure the 
initial .^rain ciianieter in the transverse plane of the sheet 
m.atericils. Ihe test pieces are prep are c" by cutting out 
small specipien of sise 10 mm x 5 mm from the sheet mater- 
ials. lyiiese specimens ,?re mounter" in a plastic medium 
and are g’oound and lapped to give a scratch free polished, 
surface. 


To reve.al the microstructures, ferric Oloride solution, 
0.5 percent aqueous solution of Hydrofluoric acid and 10 
pea.cent aqueous solution of sodium hydroxic'.e a,rs used as 
echants for 70 >- 50 Brass, Stainless steel - 304 and 
.lluminium-l 100 microsections respectively. G-rohn boundaries 
are observed under X400 magnification using metallurgical 
microscope. Photographs of microstructures are shown in 
Pigs. 10 and 11, The average grain diameter is obtained 
by counting the number of grains per unit area. The value 
of avo-j;age pp.ain di-meter are summarised in Table 2. The 
ratio of initial sheet thickness to initial average grain 
diameter is plotted in Pig. 12 for vario;is sheet materials 
of di-^ferent thicknesses. 






_____ 


STAINLESS STEEL-304 
SHEET THICKNESS-0.875 mm 


MATERIAL - 70-30 BRASS 
SHEET THICKNESS - 0.73mm 


FIG.11 MICROSTRUCTURE SHOWING 

GRAIN BOUNDARIES AT FRACTURE 
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TABLE - 2 


B/Iaterial 


70-30 Brass 


Al urn in i uni- 1100 


Stainless 
Steel - 304 


Sheet Thiclmess 

do) 

(mm) 

Avera,ge Gra.in Dia.- 
meter (d^) 

(mm) (10"^ 

0.576 

14.7 

0.730 

11.6 

1.550 

12.2 

0.671 

12.6 

1.189 

11.3 

1 .610 

12.5 

0.875 

11.1 


4.4 SLW.iOB ROTJffllTESS MEaSURUvIS-^T OF' EXPL0SI7ELY F0R3IED 

LOKES 

Tln.e surface rougLiiess at various refial positions on 
explosiveljr formed domes aice meo.sured by a prof ilometer . 
Tbe ratio of initial surface roughness of sheet materio.1 
to initial sheet thickness is shovm in Table - 3. 
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TllLE - 3 


Mat erial 

Sheet Tl: ic kne s s 
(mm) 

R / T 

0 0 


0.671 

.00116 

Aluminium - 1100 

1.189 

.00077 


1.610 

,00067 


0.576 

.00104 

70 V. 30 Brass 

0.730 

.0008 


1.550 

.0004 

Stainless Steel-304 

0.875 

.00112 


variation of surface rougTnnoss ivith experimental 
representative strain is shown in Eig. 13 for the nLaterials 
tested. 'Tlie plots confirra the linea.r relationship 
R = Rq 4- k The experimental values of the constc-mt 

k are given in Table >- 4. 
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m 

j- 


13LS 


4 


Si . i'T 0 . Ma,t e r ip,l k 

1 70 - 30 Brass 1.8 

2 Alum ini v. 1 100 1.2 


3 


Stainless St5el-504 


1.0 



CJiiPTER V 


ili^PLIO.iTirir OF 


T: EORS'TI C/IL .il-T.Ul, YSI S 


TO 


■:plosiy: 


rORMIITO 


5 . 1 'tE’’ EPu-IL 

TT'eoretical anal3?-sis presenter^ in Cliapter Ii; and III 
is apolied to tie experinanto .1 results of PueFF i i52Q. Tlie 
we i gilt of explosive obo,rg 8 reajairer to producvO a dome of 
a given height, material, radius of the blank and sheet 
thickness is estimated using the theoretical a,n.al,ysis 
presented in Chapter II . Theoretical predictions are 
compared with the corresponding experimental values. 
Fracture conditions are analysed and the limit strains 
are predicted taking into consideration the effects of 
i) initial sheet thictaess ii) initial grain diameter 
iii) initial surface roughness and its variation with 
plastic deformation. The theoretically predicted values 
of limit .strains are compared with corresponding experi*- 
mental results. 


5.2 SY,mT.iTIOF OF FIFRO STATIC PRESSURE 

Th.e hydrostatic pressure req_uired to produce a 
given deformation, corresponding to experimentaA condi- 
tions [523 5 sxe obtained by using hyvdrostatic bulging 
theory [ 39 ] • 
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In cane ol liydrostctic 'bulging, instability occurs 
at a value of representative strain(?/hicl'; is betarnineb 
by fhn properties of tha me^terial) followed by fracture at 
decreasing pressuire in the region of pole. Jo’enson and 
Mellor \ 33 \ plotted the instability strain in hydrostatic 
bulging aga.inst the strain hardening index n :"or different 
■values of constant ’ B' of the stress>-strenn rel,...t ions’nip 
CJ" = A(B + £ )^' For the case of hydrostatic bulging the 
va.lues of instability strains for Aluminium- 1100 , 70-30 
Brass and Sto.inless Steel - 304 sheets y/hich have been 
used -Por explosive forming experiments 1^393 are 0.50, 

0.68 and 0.73 respectiTCly as obtr.ined from the e/oove 
plot. For harder materials such a,s Brass and Stennless 
steel, the strains obtained in explosive forming experim- 
ents 13d below the hydrostatic instability strains. 

Howrever, .‘‘"’or softer m.atc-rials such as Alujninium, the 
strovins obtained a3''e upto 0,8. which is greater than the 
h.yf'rostatic instability strain. 

For the purpose of calcula,ttng effective dynamic 
pressure, the hydrostatic iDressure is a.ssumed constant 
for strains larger than th" hydrostatic- instability 
stra,in 

5 . 3 EVAIUAlIOh OF EFFEClIVS BYiLhllO PRESSURE 

Maximum pressure Pj^ generated by a given weight of 
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explosiAT'e at a given stan.d'-off distance is obtained 
f3?om equation (3) . lor Gordtex explosive the constant 
C, as required in equation {5), is taken as 6,7. [5 'll 
Th-vC average pressure p , as obtained from equation (5) , 
is equa,l to Pj^/ 6 . 7 . fhe effective d^mamic pressure p^^ 
is obta.ined from equation (14). fbe value of factor 1, 
which takes into consideration the effect of position of 
the charge on normal pressure exerted on the sheet, is 
0.97 for 150 mm stand-off and 0.92 for 300 mm stand-off. 
fho ratio of dynamic effective pressure to hydro sta.tic 
pressure (P(g_/P]n) io obtained from equation (15). 

5,4 BTAXUAflOl 01 STILinT-RAfS AFP SlRAIIi-RATE BTDBX 

Strain-rate is obtained from equatioh (18). The 
value of representative stra.in 6 , which is required in 
equation (10) , is obtained from equation (9) « The initial 
velocity of deformation, which is required for calculating 
the time of deformation, is obtained from equation (31). 
The specific weights of the materials used in aquation 
( 31 ) are given in Table - 1. 

The strain-rate index m is obtained :^rom equation 
( 17 ). The values of strain-rate index 'are plotted 
against the height of deformation for 70-30 Brass, Alu- 
minim’-llOO and Stainless Steel - 304 in lig. 14. It 
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can be seen that strain-rate iiir^ex m is approxinatoly 
constant for a particular material. Th.-: value of 
strain'-rabo index m estimated as 0.228 for lluminium>- 
1100, 0.173 for 70-30 Brass an(? 0.072 for Stomnless 
Steel 304 . from explosive forming experiments [52j. 

5 . 5 ESTIlLiTIOlT OP EXPLOSIVE OMC-E V/EIGili 

Hie weight of explosive charge required for a given 
lio ight of deformation of dome is obtainvcd from eq_uation 
( 32 ) for a given material, initial sheet thickness, 

Ttid ius 0 :' the die and given stand-off distance. The 
stress-strain data obtained experimentally (as given 
in lablo - 1) are used, 'The value of strain-rate index, 
as determined above, is obtained for one thiol-moss of 
shent metal. This value of strain-rate index m is used 
to predict the theoretica.1 ebarge vroight for deformations 
in sheet materials of other thickness also. 

Theoretically predicted charge weights are oompared 
with corresponding experimental values in Pigs. 1 5 to 17- 
A good agreement between theoretically predicted values 
and. experimental results is observed . 

5.6 SVADII/ITIOIT OP I1TST13ILITY STR..'lI!T 

The value of instability strain for different 

sheet matericAs is obtained from eq_uation (40) taking into 
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c onG i'-"' G3?ation the cirfect of surface roughness anci flie 
ratio of initial slicot thicknesn to initial gre.in dia,'- 
mc-tor . 


A PORTRAi'!' lY progranimc is developed to solve 
equeution (40) numerically ly Regula-Palsi method of 
iterations and to get the insta,bilit3?' stro.in value for 
cll’"fcront materials. Ihc progi'^amnio is lister in Appen>- 
d ix I. The Rq/1q ratios required for solving cqu&.tion 
(40) are obtained experimentally and are given in 
I'efole - 3. The empii’ical constant k is taken droni 
Table - 4- The instability strain is plotted a.ga.iiist 
the reitio of initial sheet thic'iioss to initial grain 
diameter in Pigs. 18 and 19 for different rii£itoria.ls and 
strcss-racios in the range of 0.6 to 1.0, The norma.1 


Swift instability strain is given by a dashed line. It 
is seen that the. modified instability strains decrease as 
the natio T^/cIq decreases. It is observed from Tablo>-2 
that initial grain dismetcr d_ remains constant for diff- 


erent initial sheet thicimosses of the material . 


?aus 


instability strain increases with increase in initial 

sheet thickness. It is also seen that instability stronn 
increases with increase in stress-ratio. 


The thickness parameter at instability is obta- 
ined from equo.tion (41) and is plotted in Pig. 20 against 
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tli:: ra,tio of. initial sTneet ti-icrrness tc initial grain 
dioaieter for different inateriefs. Tliese v.alues aire 
used 1, attar in the solution of s fault an eo us c iff erent ieJL 
eOj_u.ations (43) aii''" (44). It is seen frora fig. 20 that 


thiclcness po-reineter at instafoilitY increases if 


± h 


rshio o:'' initial sheet thiclrness initieh :grain f iaaeter 
increases or stress>-ra.tio decreases. 


5.7 EVAIU.i'2I0IT OP LIMIT STILtLfS 


Marciniak^Kuc'^ynski analysis is applied at the 
point of instohility to find out tbe limit stra.in for the 
sheet material. The simultaneous differentia.1 equations 
(43) and (44) are solved numerically to determirie the 
strain 6^. 

A PORTRfl* 17 programme is developed to solve the 
simultaneous differential equations (43) and (44) numer^ 
ically with the- aid of computer. The listing of the 
programme is given in Appendix >- II. Tne totaA limit 
strain is given hy £ = -t- The values of limit 

strains 3 are plotted aga,inst the ra.tio of initial sheet 
thiclrness to initioJ. grain diameter for different materv- 
ials a.nd different stress-raAios in Pigs. 21 to 23. It 
is observed from the plots that the limit strain increa- 
ses with increase in sheet thiclmess. A study of experi>- 
mental results of explosive forming [^ 52 ] also shows that 
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fracture strain increases as tlie sheet tV:iclmess is 
incrcaseti. The fracture stre^in for Aluriinium >- 1100 
sheet of O. 67 I iimi thiclaiess is O .566 v/hilc that for 
thicknesses 1.189 nan a.iic'- 1.61 mni are 0.778 an? 0.803 
respectively. Thus, the plots of limit strains are 
consistent vuth experinertal ohsorvations . 

5.8 G0!IP;lhIS0I'I 01 TI-^SORSTIOiii LEIIT STPuilh WITF 
3ZP3RBmTT.lL RSOUITS 

Experimental thickness an? radial strains are taken 
from strain versus radial distance plots for explosive 
forming experiments conducted by Rekhi It is 

observed that ..iluminium specimens fractured at strain>- 
ratio ( 0 ^/ 82 ) approximately 7.6 while the strain>-ratio 
( 8^/82 ) near fra.ctu3’e is approximately 5 anf" 4.25 for 
70)-30 Brass and Stainless Steel >- 304 specimens respecti>- 
vely. The corresponding va,lues of strosB>-ratio near 
fracture, as obtained from equation (6), are approxima*- 
tely 0.85 for iiluniiniurn >- 1100 a:aC approximately 0.8 
and 0.7 for 70 >- 30 Brass and Stainless Steel 30 4 
respectively. 

The theoretical representative limit strains for 
the above materials of dijferont sheet thicl-messes are 
plotted in Eig. 24 along with corresponding experiiiaental 
values of representative strains for cases of fractured 
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and unfran tuj-’ed spec mens . It is otsorved from lig. 24 
tMt theoretically predicted va.lues of limit strc.in fa,ll 
TDotv/ecn the adoove two expercimenta.l va.lues of represent*- 
ative strain for all the materials. 
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aOlTCLUSIOil :'Lin) S^TC-GSSTIOIfS ?0R 


■"ORK 


6.1 COl'CLUSIOl'T 

Oil the hasis of results of the 

iTLc 

hulging csin be apipliec to eioilosive 


it is coiicladecl that nio^ifiei' taica. 


present investigation 
sis of ivdrosta-tic 
form inn for tlie predi>- 


ction of eis'ilosive orarge y, 'eight proviiei s irain.’-rate inoex 
is Imoyin from the ms.terial properties. The vs-lu^of strain^ 
rc;,te index m estimo.ted. from the experimenteJ. results of 
explosive forming for Aluminiuni>-1 100 , 70-30 Brass and 
Stainless Steel - 304 exe 0.228, 0.173 and 0.072 respectiv- 
ely. However, these va.lues need to be verified by inde- 


pendent tests. 


.Predicted decrease in limit strain \yith decrease in 
sheet thickness (Pig. 21 to 23) is consistent v/:.th experi- 
mentstl observations. [_523 Since theoretically predicted 
values of representa.tive limit stra-ins fa,ll in betvyeen 
correspond ing experimental values of representative 
stra,ins for the cases of fractured and unfractured speci- 
mens, the theoretical analysis holds good for explosive 
forming. 


6,2 SUG&ESTIOIIS POR pursier -rORK 

(1) High speed stereophotogramatic method ceni be 
used to : 
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(a) ^analyse the histoiyr o" <3 e format ion process i.e, 

Vo'liie of xliiclaiess and r.ac3ial strains sec i if fer'- 
ent stages of deformation. 

(d) determine the velocit;/ of defoimiation anC stra.iiiv- 
ra,tes exjper inento,lly. 

(2) The stress>-ratio x can a.lso be ta-ken into corsic.er- 
a.tion in the analysis of estimation of charge weight. 
However, it needs extensive study about the variation 
of stress-ratio with the process parameters. 

(3) More v/ork needs to be carried out on surf are roughness 

of sheet materials so as to give the value of empirical 

• constant ' k' in the relation R = + k 3 d for 

o 0 

different material conditions. 

(4) fb.e effect of anisotropy coui a.lso be considered in 
the analysis of limit strains. 
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(a) ano.lyse the history.' of {?eformation process i.e. 
vclue of oliicloieGS and racial strains at : iffer- 
eirfc stages of deiormatioii. 

(Td) determine the velocit 3 r of deformation anc stmin- 
ra.tes experimentally. 

(2) The stress-re^tio x can also he taken into coosicer- 
ation in the analysis of estima.tion of chaj-’ge weight. 
However, it needs extensive studj^ about the variation 
of stress-ratio with the process parameters. 

(3) More v/ork needs to be carried out on surfane roughness 

of sheet materials so as to give the value of empirical 

• consta,nt ' k* in the rela.tton R = R + k §” d for 

o 0 

different m,aterial conditions. 

(4) Ihe effect of anisotropy cam a.lso be considered in 
the analysis of limit strains. 
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